Background: Acute respiratory infections are the leading cause of mortality in children worldwide, especially in developing countries. Pneumonia accounts for 16% of all deaths of children under 5 years of age and was the cause of death of 935 000 children in 2015. Despite its frequency and severity, information regarding its etiology is limited. The aim of this study was to identify respiratory viruses associated with community-acquired pneumonia (CAP) in children younger than 5 years old. Methods: One thousand four hundred and four children younger than 5 years of age with a clinical and/or radiological diagnosis of CAP in 11 hospitals in Mexico were included. Nasal washes were collected, placed in viral medium, and frozen at À70 C until processing. The first 832 samples were processed using the multiplex Bio-Plex/Luminex system and the remaining 572 samples using the Anyplex multiplex RT-PCR. Clinical data regarding diagnosis, clinical signs and symptoms, radiographic pattern, and risk factors were obtained and recorded. Results: Of the samples tested, 81.6% were positive for viruses. Respiratory syncytial virus (types A and B) was found in 23.7%, human enterovirus/rhinovirus in 16.6%, metapneumovirus in 5.7%, parainfluenza virus (types 1-4) in 5.5%, influenza virus (types A and B) in 3.6%, adenovirus in 2.2%, coronavirus (NL63, OC43, 229E, and HKU1) in 2.2%, and bocavirus in 0.4%. Co-infection with two or more viruses was present in 22.1%; 18.4% of the samples were negative. Using biomass for cooking, daycare attendance, absence of breastfeeding, and co-infections were found to be statistically significant risk factors for the presence of severe pneumonia. Conclusions: Respiratory syncytial virus (types A and B), human enterovirus/rhinovirus, and metapneumovirus were the respiratory viruses identified most frequently in children younger than 5 years old with CAP. Co-infection was present in an important proportion of the children.
Introduction
Globally, pneumonia and diarrhea are the leading causes of infection in children under 5 years of age. The World Health Organization (WHO) has estimated that 150 million cases of pneumonia occur each year in children in this age group. Of these cases, 20 million will require hospitalization, with approximately 935 000 deaths (health TtftGtco, 2013) . In 2013, these infections accounted for 15% and 9%, respectively, of the 6.3 million deaths in this age group (Leung et al., 2016) .
It is estimated that in up to 70% of cases of pneumonia in children, the etiology is viral (Jain, 2017) . Until recently, only cultures, serology, immunofluorescence tests, and ELISA were available for the diagnosis of viral pneumonia, and the seven viruses cited as the main causes of respiratory infections were respiratory syncytial virus (RSV), influenza A and B viruses, parainfluenza virus (PIV) types 1-3, and adenovirus (Pavia, 2011) .
In the past decade, molecular diagnostic methods have allowed the identification of new pathogens as causes of respiratory diseases. Multiplex PCR is a highly sensitive and specific tool for the rapid identification of respiratory viruses, such as human metapneumovirus, severe acute respiratory syndrome (SARS), NL63, and HKU1 coronaviruses, PIV type 4, bocavirus, and rhinovirus types C and D (Jartti et al., 2012) , especially in settings where cultures are not available.
A study published in 2015 by the US Centers for Disease Control and Prevention (CDC) on the etiology of pneumonia in 2254 children from 1 day to 17 years of age yielded positive identification of pathogens in 81% of the cases. Among these, 66% were viruses and 8% were bacteria, and both bacteria and viruses were detected in 7% of cases. The most frequent organisms found in this study were RSV (28%), human rhinovirus (27%), metapneumovirus (13%), adenovirus (11%), Mycoplasma pneumoniae (8%), PIV (7%), influenza virus (7%), coronavirus (5%), Streptococcus pneumoniae (4%), Staphylococcus aureus (1%), and Streptococcus pyogenes (1%) (Jain et al., 2015) .
Although pneumonia is the leading cause of morbidity and mortality in children (health TtftGtco, 2013) , especially in those under 3 years old, there have been few studies on the etiology of viral pneumonia in Mexico. Taking advantage of the availability of new molecular diagnostic technologies, a multicenter nationwide study was conducted in Mexico using multiplex PCR diagnostic kits to better understand the etiology and epidemiology of viral community-acquired pneumonia (CAP) in children under 5 years old.
Methods

Study population and study design
From March 2010 to August 2013, a cross-sectional, prospective study was conducted using a convenience sample of patients aged 1 month to 5 years with a clinical and/or radiological diagnosis of pneumonia. The study was performed in 11 hospitals in various regions of Mexico (Nuevo Hospital Civil de Guadalajara, Hospital Regional Universitario de los Servicios de Salud del Estado de Colima, Hospital Pediátrico de Coyoacán, Hospital General de Durango, Hospital General de Mexicali, Hospital Central "Dr. Ignacio Morones Prieto" San Luis Potosí, Hospital para el Niño de Toluca, Hospital General de México "Dr. Eduardo Liceaga", Hospital de Pediatría del CMNO, Instituto Mexicano del Seguro Social (IMSS), Guadalajara, Hospital de la Niñez Oaxaqueña, and Hospital Infantil de Tlaxcala). The study was approved by the ethics and research committees of all participating institutions. The parents or guardians of the children with pneumonia were invited to have their children participate in the study. An informed consent form was signed before performing any procedure.
The case definition of pneumonia was the presence of respiratory symptoms, including respiratory distress, tachypnea, cyanosis, or cough, with or without fever of less than 1-week duration and/or an X-ray showing the presence of pulmonary infiltrates. The radiographic pattern was classified as consolidation, alveolar, interstitial, mixed, or pleural effusion. Information regarding the date of diagnosis, clinical signs and symptoms, radiographic pattern, and risk factors for pneumonia was collected from each patient in a format designed for this study.
Sample collection
Patients who attended the emergency room or who were hospitalized at the participating institutions and met the case definition and inclusion criteria were invited to participate. A questionnaire was answered by parents or guardians and a nasal wash was obtained. Nasal washes were performed by introducing 0.5-1 ml of sterile saline solution through a sterile feeding tube connected to a syringe and aspirating the solution from each nostril. The sample was placed in viral medium and frozen at À70 C. Frozen samples were sent to the participating laboratories (Unidad de Investigación en Medicina Experimental, Facultad de Medicina, UNAM, Mexico City; CIBO IMSS Guadalajara, Facultad de Medicina, UASLP, San Luis Potosí) and then to the Unidad de Investigación en Medicina Experimental, Facultad de Medicina, UNAM, where all the samples from the participating institutions were stored until processing.
RT-PCR technique
The samples were processed using two RT-PCR multiplex assays: 832 samples were processed in the Instituto de Diagnóstico y Referencia Epidemiológicos (InDRE) using the semi-automated extraction equipment QIAcube (Qiagen Instruments AG, Switzerland) with the MiniElute kit (Qiagen, Switzerland) to isolate viral genetic material (RNA/DNA). Respiratory viruses were detected through the x-TAG Respiratory Viral Panel (RVP) with the Bio-Plex/Luminex platform (Luminex Corporation, USA). The nucleic acid is amplified by a multiplex RT-PCR reaction using an internal control (phage MS-2). The viral regions of interest were amplified with generic primers for 19 viruses: influenza A virus (H1, H3, and H5 subtypes), influenza B virus, RSV type A, RSV type B, coronavirus (SARS, NL63, 229E, OC43, and HKU1), PIV types 1-4, metapneumovirus, adenovirus, and human enterovirus/rhinovirus.
The remaining 572 samples were processed at the Unidad de Investigación en Medicina Experimental, Facultad de Medicina, UNAM using the Anyplex II RV16 kit (Seegene, Seoul, South Korea). The nucleic acid extraction was performed manually using the Ribo_spinGeneAll vRD kit (GeneAll Biotechnology, Seoul, South Korea); before extraction, an internal control of the Anyplex kit was added to each sample. The cDNA was synthesized from extracted RNA with the cDNA Synthesis Kit Premix (Seegene). Subsequently, real-time PCR was carried out in the CFX96 equipment (Bio-Rad) through the Anyplex II RV16 Detection kit, which uses TOCE technology. Amplified respiratory viruses were visualized using Seegene Viewer software. The Anyplex RV16 kit has the capacity to detect 14 RNA viruses and two DNA viruses: RSV types A and B, influenza virus types A and B, PIV types 1-4, adenovirus, metapneumovirus, coronavirus OC43, 229E, and NL63, rhinovirus types A, B, and C, enterovirus, and bocavirus.
Statistical analysis
Frequencies and proportions of clinical and demographic variables were determined and displayed by descriptive statistics. The Kruskal-Wallis test and analysis of variance (ANOVA) were used to compare qualitative and quantitative variables, respectively. A multivariate analysis using logistic and multinomial regression was performed to detect associations between clinical features, risk factors, hospitalization, and viral detection. A p-value of <0.05 was considered statistically significant.
Results
Demographic and clinical characteristics
A total of 1404 children with a clinical and/or radiological diagnosis of pneumonia were included in the study. Seventy percent of the samples were from hospitals located in the central region of Mexico, 12.8% from Mexico City, 15.8% from the northern region, and 0.6% from the southern region of the country. No deaths were reported at any site. The mean (AEstandard error (SE)) age of participants was 14.3 AE 0.3 months. Some differences in the age distribution were observed between hospitals: the population of children in Mexicali and Toluca tended to be older than those in the other cities, while children admitted to the Hospital Civil de Guadalajara were younger. Thirty-eight percent of the subjects were female. The mean (AESE) height and weight of the children were 68.1 AE 4 cm and 7.85 AE 0.01 kg, respectively. Forty-one percent of the patients presented fever. The mean (AESE) respiratory rate was 50.7 AE 0.3, and 93.8% of patients had a cough. Mild respiratory distress was observed in 56.3%, moderate respiratory distress in 29.9%, and severe respiratory distress in 2.4% of the study population; 11.4% of patients had no respiratory distress. Pneumonia was classified according to the WHO definitions. Using these criteria, it was possible to diagnose pneumonia in 41.4%, severe pneumonia in 55.1%, and very severe disease in 3.4% of the cases.
Radiographic features and risk factors
Most of the patients had a radiographic interstitial pattern (45.4%); however a significant proportion of patients had alveolar infiltrates (36.6%), consolidation (9.3%), and mixed infiltrates (8.6%). Only 0.1% had evidence of pleural effusion. According to the risk factors associated with pneumonia described in the literature, the following were found in the present study population: an incomplete vaccination schedule in 55.7%, exposure to household tobacco smoke in 43.3%, absence of breastfeeding in 43.1%, use of biomass for cooking in 19.2%, daycare attendance in 7.1%, and immunosuppression in 7%. A total of 30% had comorbidities. Logistic regression and multinomial regression were performed to assess whether the risk factors associated with pneumonia reported in the literature were associated with severe pneumonia. Using biomass for cooking, daycare attendance, absence of breastfeeding, and co-infections were found to be statistically significant risk factors for the presence of severe pneumonia. In contrast, other factors that have been reported to increase the risk of pneumonia, such as exposure to household tobacco smoke, immunosuppression, incomplete vaccination schedule, lack of influenza vaccine, and comorbidities did not show a statistically significant association with severe pneumonia (Table 1) .
Viral detection and co-infections
A viral nucleic acid was detected in 81.6% of the 1404 samples collected. A single agent was observed in 835 samples (59.5%) and a co-infection with two or more viruses in 311 samples (22.1%); 258 samples (18.4%) were negative.
Respiratory viruses detected in order of frequency were 23.2% RSV types A and B, 16.6% enterovirus/rhinovirus, 5.7% metapneumovirus, 5.5% PIV types 1-4, 3.6% influenza virus types A and B, 2.2% adenovirus, 2.2% coronavirus NL63, OC43, 229E, and HKU1, and 0.4% bocavirus. Of the 311 cases (22.1%) with co-infections, two viruses were detected in 80.7% (251 samples), three viruses in 15.8% (49 samples), four viruses in 0.3% (one sample), and five viruses in 3.2% (10 samples). The most frequent viruses associated with viral co-infection were enterovirus/rhinovirus in 52% (163 samples) and RSV type A in 54% (169 samples). The most frequent co-infections were enterovirus/rhinovirus and RSV type A in 29% (90 samples), followed by enterovirus/rhinovirus and PIV type 3 in 6.4% (20 samples), enterovirus/rhinovirus and adenovirus in 6.1% (19 samples), enterovirus/rhinovirus and metapneumovirus in 5.8% (18 samples), and RSV type A and adenovirus in 5.1% (16 samples). In the samples in which two viruses were detected, enterovirus/rhinovirus was found in co-infection with five different viruses (adenovirus, RSV type A, PIV type 3, metapneumovirus, and PIV type 1), and RSV type A was found in co-infection with nine different viruses (coronavirus OC43, adenovirus, enterovirus/ rhinovirus, coronavirus 229E, coronavirus NL63, bocavirus, influenza virus type A, RSV type B, and metapneumovirus). In the cases with co-infections with three viruses, enterovirus/rhinovirus was found in seven of nine combinations; enterovirus/rhinovirus was found in all combinations of co-infections with four and five viruses. RSV was also found in six of the nine combinations of three viruses and in all of the co-infections with four and five viruses (Tables 2 and 3 ).
Seasonality
Children with CAP requiring hospital admission were admitted most frequently in winter (41.1% of cases) and autumn (30.6%), and less frequently during the spring (19.1%) and summer (9.1%). Rhinovirus, bocavirus, PIV, and adenovirus did not present a seasonal pattern; cases were observed throughout the year. In contrast, influenza A and B viruses were present in the winter and spring, RSV was present in the autumn and winter, and metapneumovirus was observed in autumn, winter, and spring, but not in summer (Figure 1) .
Discussion
Of the 1404 samples collected from children under 5 years of age with CAP, positive viral detection was identified in 81.6%, a higher prevalence than that reported in studies conducted in previous decades when molecular diagnostic methods were not available. In hospitalized children with pneumonia admitted to tertiary referral centers, a respiratory virus was detected in 47% of patients in a hospital in San Luis Potosí (Noyola et al., 2004 ) and 14% at the Hospital Infantil de Mexico "Federico Gómez" (WongChew et al., 2010) . Other studies that have included hospitalized patients in secondary care hospitals have reported a positivity rate between 39% and 60% (Noyola et al., 2004) . In addition, studies in the community setting have described up to 65% of viral detection (Manjarrez et al., 2003; Noyola et al., 2005) .
The overall positivity rate observed in this study is slightly higher than the frequency reported by the CDC in a study conducted in pediatric patients with pneumonia, in which 66% detection of viruses and 7% of co-infections with viruses and bacteria were found (Jain et al., 2015) . The present study results also showed a higher percentage of respiratory viruses compared to the study reported by the present authors' group in collaboration with the Biotechnology Institute (IBT) UNAM, which was conducted in the state of Veracruz. In that study, 525 children aged 1 month to 15 years with upper respiratory tract infections, assessed in private pediatric practices, were evaluated clinically and diagnostically with the use of multiplex molecular techniques to search for respiratory viruses; a virus was detected in 71.6% of these children (Wong-Chew et al., 2015) .
The viruses detected most frequently in the group of children under 5 years of age with lower respiratory infections in the present study were RSV types A and B (23.7%), enterovirus/ rhinovirus (16.5%), metapneumovirus (5.7%), PIV types 1-4 (5.5%), and influenza virus types A and B (3.6%). These results are similar to those reported by Jain et al. in a study involving children younger than 18 years of age with CAP requiring hospitalization in three hospitals in Memphis, Nashville, and Salt Lake City; the most commonly detected viruses were RSV (28%), human rhinovirus (27%), and metapneumovirus (13%) (Jain et al., 2015) . RSV has been reported previously as the most common respiratory pathogen in hospitalized children with lower respiratory infections (Noyola et al., 2004; Noyola et al., 2007) , as well as in children in the community (Manjarrez et al., 2003) . In the aforementioned study, performed in the state of Veracruz in outpatients with respiratory infections, the two most common pathogens were RSV (detected in 19.6% of patients) and rhinovirus (detected in 17.5%), followed by PIV (10.5%), influenza (10.4%), coronavirus (8.7%), adenovirus (7.2%), enterovirus (5.9%), metapneumovirus (5.3%), and bocavirus (2.5%) (Wong-Chew et al., 2015) . In a recent study of children hospitalized with respiratory tract infections and respiratory distress at the Instituto Nacional de Enfermedades Respiratorias (Mexico City), viral infections were detected in 59.7% of 432 enrolled patients, with human rhinovirus being the most frequently detected (76, 26.6%). Other viruses included influenza A virus in 27, RSV in 51, PIV in seven, adenovirus in six, and metapneumovirus in 13 (Moreno-Valencia et al., 2015) . One limitation of the present study is that the xTAG multiplex RT-PCR method does not differentiate between rhinovirus and enterovirus, so the potential role of rhinoviruses could be overestimated with the enterovirus detections added.
In the present prospective study in which patients with severe lower respiratory tract infections were included, viral co-infections were found in 22.1% of patients, which is a higher percentage than that found in the study of upper respiratory infections in Veracruz (14.1%) (Wong-Chew et al., 2015) . Although some characteristics of the study populations are different (such as the recruitment time and age distribution), the higher percentage of co-infections in patients with pneumonia compared with upper respiratory infections in the Veracruz study, might suggest that co-infections cause more severe disease, suggesting complementary interaction among these viruses. This is also suggested by the multivariate analysis, in which it was found that co-infections are a risk factor for severe pneumonia. These observations are consistent with those of other authors who have reported RSV co-infections to be associated with a more severe disease than infections caused by a single virus (Harada et al., 2013) . However, whether the viral detection in nasal washes reflects the pathogen responsible for the lower respiratory disease or only reflects a nasopharyngeal commensal or asymptomatic infection is not known with certainty, particularly when highly sensitive molecular methods are used (Jansen et al., 2011) .
The seasonal prevalence of RSV in autumn and winter, of influenza in winter and spring, and of metapneumovirus from September to May observed in this study is consistent with other reports. The year-round detection of other viruses, such as rhinovirus, enterovirus, adenovirus, and PIV, has also been reported previously (WHO, 2014; Mahony, 2008; Fisman, 2012) .
In the present study, 45.4% of the cases presented in winter, and although 90.3% required hospitalization, only 55.1% had severe pneumonia; 56.3% had mild respiratory distress, 93.8% had a cough, and 41% presented an interstitial radiographic pattern on admission, characteristics that are consistent with previous reports. One of the advantages of current molecular techniques is the high sensitivity to detect multiple pathogens. On the other hand, interpretation of the results provided by these assays requires further examination. Because of the increasing detection of some viruses, particularly rhinoviruses, coronaviruses, and bocavirus in patients with pneumonia, their specific contribution to lower respiratory tract infections needs to be evaluated. A recent study compared the frequency of detection of respiratory viruses in patients with CAP to the frequency of detection in asymptomatic subjects (Self et al., 2016) . RSV, human metapneumovirus, and influenza virus were notably more frequent in children with CAP (26.6%, 15.1%, and 3.4%, respectively) than in asymptomatic children (1.9%, 1.5%, and 0%, respectively) (Self et al., 2016) . In contrast, there were less striking differences in the detection of rhinoviruses (21.9% vs. 17.3% in patients with pneumonia and asymptomatic subjects, respectively) and coronaviruses (4.5% and 1.5% in patients with pneumonia and asymptomatic subjects, respectively). In fact, after multivariate regression analysis, rhinoviruses were found not to be significantly associated with the presence of pneumonia (Self et al., 2016) . Similar results have been reported by others, who have detected respiratory viruses in a large proportion of children without pneumonia (Zar et al., 2016; Rhedin et al., 2015) .
Viruses that are detected consistently more frequently in patients with pneumonia include RSV and influenzaviruses, while rhinovirus, enterovirus, and coronaviruses have been reported not to be associated with pneumonia, when compared to a control group (Zar et al., 2016; Rhedin et al., 2015; Spichak et al., 2016) . In these studies, the association between pneumonia and the presence of adenovirus or metapneumovirus has been inconsistent. Also, a recent meta-analysis that compared the frequency of detection of respiratory viruses in children with pneumonia and subjects without pneumonia found that RSV, influenza virus, metapneumovirus, and rhinovirus were associated with the presence of pneumonia, while adenovirus, coronavirus, and bocavirus were as frequent in patients as in controls (Shi et al., 2015) .
Overall, these studies indicate that, although rhinovirus, enterovirus, coronavirus, and bocavirus may be detected frequently in patients with pneumonia, the impact of these viruses as a cause of lower respiratory tract infection is not clear. Moreover, the viral load was not measured in the present study, but some authors have mentioned that it could determine disease severity, while others state that the viral load is not important. This is controversial and needs further studies.
Many factors have previously been associated with a higher risk of lower respiratory tract infection in children (Fonseca et al., 1996; Koch et al., 2003; Suzuki et al., 2009 ). Some of these have been shown consistently to increase the risk of severe infection, while others have shown inconsistent results among different studies. In this study, in addition to the presence of co-infection, an association was found between other factors and the risk of severe pneumonia: lack of breastfeeding, use of biomass for cooking, and daycare attendance. Lack of breastfeeding and indoor air pollution have consistently been associated with severe lower respiratory tract infection and were considered as definite risk factors in a meta-analysis published in 2013 (Jackson et al., 2013) . In that report, parental smoking showed inconsistent results among studies and was considered as a likely risk factor for severe infection. In the present study it showed a protective effect, although there is no apparent explanation for this finding. Finally, daycare attendance was sporadically reported in association with severe infections and was considered a possible risk factor. Inadequate breastfeeding, indoor pollution, and second-hand smoke exposure have also been found to be risk factors for mortality in children with acute lower respiratory infections (Sonego et al., 2015) .
The results of the present study provide additional information that strengthens the association between patient characteristics and the risk of developing severe pneumonia. The high frequency of some of these factors in the children included in this study (exposure to tobacco smoke in 43.3%, lack of breastfeeding in 43.1%, and using biomass for cooking in 19.2%) indicates areas that still require interventions in Mexico. Current campaigns to encourage breastfeeding should be strengthened, and new strategies to reduce exposure to indoor pollution need to be developed.
A limitation of this study is that it did not include a random sample of patients from all of Mexico; however, this is the first prospective study to assess patients from a large number of hospitals in the north and central regions and to a lesser extent from the southern region of the country. Another limitation of the study is that some participating hospitals included a significant number of patients, while other centers only recruited from three to nine patients (Tlaxcala, Mexicali, and Oaxaca). Most previously reported studies from Mexico have included data from a single institution. In contrast, this is the first multicenter active surveillance study of viral agents associated with CAP in children under 5 years of age in Mexico, in an era where the advancement of molecular biology technology has allowed the detection of multiple pathogens in a single sample. This study also provides updated information on the prevalence of known viral pathogens and others that are of more recent discovery, such as human metapneumovirus, SARS, NL63, and HKU1 coronaviruses, PIV type 4, bocavirus, and rhinovirus type C, as well as the role of each pathogen in disease compared to other pathogens.
